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Abstract 

Heavy fission fragments distributions of 235 U and 239 Pu by 
thermal neutrons were measured using mass spectrometer. 
The treatment of the experimental data for the 235 U(nth, f) and 
239 Pu(nth, f) nuclear fission reactions is presented. Charge, 
mass and energy yields of fission fragments with Ai = 125 to 
157, kinetic energies from Ek = 45 to Ek = 87 MeV and 
effective ionic charges from z* = 18 to z* = 30 are obtained. 
The good consent of experimental and theoretical data for 
mass yields is indicated. Some increment in FF mass yields is 
observed for 235 U (nth, f) reaction in A = 151-153 mass range. 
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Introduction 

It is well known that regarding the description of the 
nucleus properties at the nuclear fission, the 
agreement between experimental data and LDM 
(Liquid drop model) theory is not enough well for the 
actinide heavy nuclei due to the absence of accurate 
account of the contributions from the initial and final 
fission fragments shell structure. This phenomenon 
has been widely discussed in the literature, starting 
from the beginning of investigations in the field of the 
nuclear fission and it was shown that within the frame 
of LDM model, it was impossible to describe the 
asymmetry of nuclear fragments at the fission. 
Reasonable explanation was archieved by taking into 
account the shell structure of the initial nucleus and its 
fission fragments. The main difficulty to conduct such 
shell model calculations was connected with the 
absence of the single-particle calculations for the 
nuclear fission characterized by the enough large 
deformations with appearance of the neck structure at 
the fission and mean field potential. 

In recent years, there has been great interest in fission 
yields. Fission yields are used in the calculation of 



odd-even pairing effects, the number of prompt 
neutrons per fission of delayed neutron precursor 
yields and of delayed neutron spectra. Yields are used 
in the calculation of waste disposal inventories, and in 
the calculation of beta and gamma ray spectra of 
fission-product inventories; as well as in the 
calculation of decay heat, especially in the time from 1 
to 1000 seconds after loss-of-coolant accident in a 
nuclear power plant. Such a calculation requires data 
for the independent yield of every fission product 
nuclide with a half-life longer than a few tenths of a 
second. 

The experimental researches on mass, charges and 
energy distributions of fission fragments (FF) have 
revealed a number of features and laws in these 
distributions. Most of the experimental data are 
received by radiochemical methods which give the 
information about late stage of fission process but do 
not allow measuring kinetic energy and velocity of FF 
Instrumental techniques (ionisation chamber, the 
semiconductor detectors, time of flight) velocity of FF, 
but have insufficient mass resolution (1.5-3 a.m.u.). 
Comparison of experimental data received by identical 
methods shows difference connected with insufficient 
accuracy of measurements and insufficient resolution 
of experimental techniques. The most precise and 
reliable results are obtained employing the deflection 
method of the FF in homogeneous consecutively 
located electric and magnetic fields. In resent time on 
the horizontal channels of some researches, reactors 
experiments have been carried out using deflection 
method of charged particles in magnetic and electric 
fields. There are "LOHENGRIN" mass spectrometer at 
the High Flux Reactor in Grenoble (France) and mass 
spectrometer in Tashkent (Institute of Nuclear Physics 
Uzbekistan Academy of Science - INP UzAS). Besides 
on the Grenoble reactor works the "Cosi-Fan-Tutte" 
spectrometer combined time of flight method, 
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ionization chamber and semi-conductor detectors. The 
experimental results obtained from "LOHENGRIN" 
mass spectrometer and "Cosi-Fan-Tutte" time of flight 
spectrometer and also from INP UzAS mass 
spectrometer have good agreement. These spectrometers 
define necessary energy and mass ranges of FF, 
identified with high accuracy FF mass numbers and 
determine their kinetic energies. Use of such 
experimental results permits to evaluate existing 
fission models and describes all stages of nuclei fission 
process by neutrons in more detail. 

Experimental Setup 

FF yields measurements of 235 U and 239 Pu nuclei 
induced by thermal neutrons in heavy group are 
executed on electromagnetic mass spectrometer placed 
on the horizontal channel at nuclear reactor WWR-SM 
of INP UzAS. Mass spectrometer simultaneously 
separates FF by masses M, kinetic energies Ek and 
ionic charges z*. 
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Thermal neutron flux on the target was <Dth=2xl0 12 
n/cm 2 -s and cadmium ratio -<Dth/<Df=25. Targets with 
active layer in the sizes 40x5 mm 2 from 235 U of 88% 
enrichment with thickness 150 |ig/cm 2 and from 239 Pu 
of 98% enrichment with thickness 100 |ig/cm 2 were 
used in the measurements. 235 U nuclei FF yield 
measurements for mass numbers A=125 -155, kinetic 
energies Ek=42-78 MeV and ionic charges z*=18-29 
were carried out. 239 Pu nuclei FF yield measurements 
for mass numbers A=125-157, kinetic energies Ek=45- 
87 MeV and ionic charges z*= 18-30 were also executed. 
For some ionic charges data interpolation was done. 
For FF detection, solid track detectors such as glass 
plates with sizes 50x60 mm 2 were used in the mass 
spectrometer focal plane. This detectors allowed 
simultaneously detecting several mass groups of FF. 
After irradiation plates looked through microscope, FF 
measurements with use of solid track detectors were 



carried out for setup sets of electric field intensity (U) 
and magnetic field intensity (H). One of such spectra 
from solid track detector is presented in Fig.l 

The focal plane of mass spectrometer calibration was 
done using a-particles from spontaneous fission of 
252 Cf nuclei, and the next polynomial approximation (1) 
of experimental data was carried out to convert from 
linear sizes-L (mm) of detector's plates to relative 
unites M/z* (ion mass to charge ratio). 

M/z*=(4.51+4.5xl0- 3 L+1.9724xl0- 6 L 2 )±5xl0- 4 (1) 

FF distributions in focal plane of mass spectrometer 
are formed as linear spectra, where each peak is a 
superposition of FF with different values of masses 
and charges, but equal values of mass to charge ratios 
- M/z* (within limits of mass spectrometer resolution). 

Thus in region of the spectra impositions for mass 
definition in detected peak and for FF kinetic energies 
determination, electronic registration system was 
utilized. This system based on 32 Si-strips detector 
(64x64 mm 2 ) was placed in the focal plane of mass 
spectrometer. 

In Fig. 2, the energy spectrum of FF registered by one 
of the strips of Si-strip detector is shown where iYz*is 
FF yield, index i at the left corresponding to mass and 
z* to ion charge. The bottom axis corresponds to 
channel numbers of the amplitude analyzer and top 
axis to channel energy in MeV. 
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FIG. 2 THE ENERGY SPECTRUM FROM STRIP DETECTOR 



Results of Mesurements 

Mesurement results of FF distributions from 235 U(nth, f ) 
and 239 Pu(nth, f) reactions are shown in FIG. 3 and 
FIG.4 accordingly. In these figures the red points are 
experimental data and the blue curves are the 
experimental data treated by Gauss distribution. 
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Charge Distributions ofFF 

The treatment of experimental spectra presented in 
FIG.3 and FIG.4 was executed by approximation for 
each peak with Gauss distribution. Fixation of peak 
center position (M/z* coordinate) and events quantity 
in this peak area were realized according to expression 
(2): 



y = yo- 



a J 7i 72 



rexp[- 



2(x-x ) 



(2), a>- 



a 



CO 



/In 4 

where yo- background line, A - total area under the 
peak from background line, xo - peak center, a - peak 
width at half-height. It was supposed that total events 
amount in a peak is proportional to the yield from FF 
of ions which forms this peak. The obtained results for 
FF charge distributions are presented in TABLES 1 and 
2 for 235 U (nth, f) and 239 Pu (nth, f) reactions, correspodingly. 

FF Mass Distributions 

The further treatment included definition of FF yields 



in conformity with their mass numbers. The mass 
yield for concrete value of heavy FF turned in the 
summation of all distributions on all its registered 
charge states. Received partial yields of FF yi(z *) were 
used for the calculation of a total yield of FF with mass 
A: 

r,(A) = Xy,(z*) (3) 

The results of FF mass distributions for 235 U (nth, f) and 
239 Pu (nth, f) reactions are presented in FIG. 5 and FIG. 
6. In FIG. 5 and 6, the curve 1 is our experimental 
results, 2- theoretical data and curve 3 on FIG. 5 - 
experimental data for light hump of 23S U (nth, f) 
reaction FF . The good consent of experimental and 
theoretical data is observed. Some increment in FF 
mass yields is indicated for 235 U (nth, f) reaction in A = 
151-153 mass range. Results of measurements of FF 
relative yields of the light hump also show the 
presence of small increase in mass yield for A = 83 that 
corresponds to FF in the heavy hump with A = 153. 
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FIG. 3 FF DISTRIBUTION OF 235 U (nth, £) REACTION MEASURED BY MASS SPECTROMETER AT WWR-SM REACTOR 




FIG. 4 FF DISTRIBUTION OF 239 Pu (nth, f) REACTION MEASURED BY MASS SPECTROMETER AT WWR-SM REACTOR 
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FIG. 5 FF MASS DISTRIBUTION OF 235 U (nth, £) REACTION FIG. 6 FF MASS DISTRIBUTION OF 239 Pu (nth, f) REACTION 

TABLE 1 CHARGE DISTRIBUTIONS OF HEAVY FF YIELDS FOR 235 U (nth, f ) REACTION 
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0.001 


0.011 


0.003 


0.009 


0.004 


0.012 


0.002 


0.002 








126 


0.005 


0.010 


0.016 


0.010 


0.012 


0.016 


0.016 


0.010 


0.004 


0.002 






127 
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0.001 






128 


0.006 


0.009 


0.013 


0.014 


0.015 
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0.013 
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0.005 


0.004 


0.0004 




129 


0.025 


0.034 


0.218 


0.083 


0.149 
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0.065 
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0.012 


0.006 




130 
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0.332 


0.618 
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0.141 


0.072 
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0.494 
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TABLE 2 CHARGE DISTRIBUTIONS OF HEAVY FF YIELDS FOR 239 PU (nth, f) REACTION 



Ai 
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127 


0.020 


0.045 
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0.025 
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0.057 


0.037 










129 


0.059 
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0.297 
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0.031 








130 


0.138 


0.054 
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0.059 
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0.559 


0.292 


0.135 
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0.282 


0.277 
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0.782 


0.651 


0.542 
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0.288 
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0.350 


0.419 


0.674 


0.745 


0.820 


0.765 
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0.438 
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0.444 
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1.051 
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1.244 
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0.349 


0.184 
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0.267 


0.526 


0.981 


1.270 


0.517 


1.091 


0.695 
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0.668 


0.245 
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0.212 


0.419 
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0.584 
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0.490 
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0.184 


0.085 
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0.225 


0.203 


0.916 
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0.962 


0.983 


0.748 


1.884 


0.396 


0.304 






138 






0.331 
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1.161 


0.933 


0.778 


0.647 


0.679 


0.486 


0.318 






139 






0.328 


0.452 


0.728 


0.804 


0.886 


1.458 


0.900 


0.463 


0.308 


0.162 




140 
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1.055 


0.880 
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1.042 


0.418 
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0.290 
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0.705 
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0.499 


0.957 
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0.143 
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0.992 


0.895 
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0.232 
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0.648 


0.493 
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FIG. 7 FF ENERGY DISTRIBUTION OF 235 U (nth, f) REACTION FIG. 8 FF ENERGY DISTRIBUTION OF 235 U (nth, f) REACTION 
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FIG. 9 FF ENERGY DISTRIBUTION OF 239 Pu (nth, f) REACTION 

Energy Distributions ofFF 

The kinetic energy distributions of 235 U and 239 Pu 
nuclei FF by thermal neutrons have been analysed by 
means of expression: 

Ek=z*eo-{l/[21n(ri/r2)]}-U=z*-k-U, (MeV) 
where z* - the charge number of registered ion - FF, k 
= l/[21n(n/r 2 )] = (4.5963 ± 0.0006)xlO 5 MeV/eo - the 
geometrical parameter of mass spectrometer and U - 
the voltage on plates of electrostatical analasyer, in V. 
The distributions of FF yields depending on kinetic 
energy for 235 U (nth, f) and 239 Pu (nth, f) reactions are 
presented in FIG. 7-10. 

Conclusions 

Heavy FF distributions on ionic charges, masses and 
kinetic energy for 235 U (nth, f) and 239 Pu (nth, f) reactions 
are measured with use of mass spectrometer at WWR- 
SM nuclear reactor of INP UzAS. Measurements are 
executed in ranges of mass from A; = 125 to 157, kinetic 
energies from Ek = 45 to Ek = 87 MeV and effective 
ionic charges from z* = 18 to z* = 30. From the results 
of measurements, the relative yields of fission 
fragments for 235 U (nth, f) and 239 Pu (nth, f) are defined 
depending upon mass number A. Heavy FF mass 
yields are in well accordance with the known 
reference theoretical estimations. 

ACKNOWLEDGMENT 

Authors are grateful to WWR-SM reactor staff for 
support in the implenmentation of measurements and 
to Dr. A.V. Khugaev for useful discussions. 



140 



IS" 



1E-3 



Jl.iAk 





125 IS" 135 140 145 150 Jbt> a 

FIG.10 FF ENERGY DISTRIBUTION OF 239 Pu (nth, f) REACTION 
REFERENCES 

Armbruster P.et al., Nucl. Instr. & Methods, 139, 213, (1976). 
Bjornholm S., Lynn J.E., The double-humped fission barrier, 

Reviews of Modern Physics, V. 52, No. 4, p. 725, (1980). 
Brack M., Damgaard Jens, Jensen A.S., Pauli H.C., Strutinsky 

V.M., Wong C.Y., Hills Funny: The shell-correction 

approach to the nuclear shell effects and its applications 

to the fission process, Reviews of Modern Physics, V. 44, 

No. 2, p. 320, (1972). 
England T.R. and Rider B.F. Fission Product Yields per 100 

Fissions for 235 U, 239 Pu, Thermal Neutron Induced Fission 

Decay. LA-UR-94-3106, ENDF-34. 
Johanssen S., Nucl. Phys., 19, p.449, (1959). 
Johanssen S., Nucl. Phys., 22, p.529, (1961). 
Koblik Yu.N.,. Nam IV, Nebesnyi A.F. et. al. "A Fission 

Product Detection System of the Magnetic Spectrometer". 

Instruments and Experimental Techniques, V. 54, 4, p. 

482, (2011). 

Koblik Yu.N., Pikul V.P. et. al., Bulletin of RAS Ph., V. 71, 

Nq3, 420, (2007). 
Nilsson S.G. et al, Nucl. Phys., A115, p.529, (1968). 
Sida J.L., Armbruster P. et al., Nucl. Phys. A, V. 502, p. 233, 

(1989). 

Strutinsky V.M., Nucl. Phys., A122, p.l, (1968). 
Tsekhanovich I., Denschlag H.O. et al., Nucl. Phys. A, V. 658, 
p. 217, (1999). 

Wilkins B.D., Steinberg E.P., Chasman R.R., Phys. Rev. C14, 
p.1832, (1976). 



F k =77.2\t?V 

^=8021^ 
^=81.6 1VW 



140 



1 i ■ 
155 



77 



